We analyze theoretically the output efficiencies of surface-emitting channel drop filters using channel drop tunneling processes in two-dimensional photonic crystal slabs. By using the channel drop tunneling processes, the output efficiencies of the filters can be easily improved to the values much higher than 50%, the maximum output efficiency of surface-emitting channel drop filters using one single-mode cavity, and the output efficiency of 100% is possible theoretically. In order to demonstrate the theoretical results, we present a surface emitting channel drop filter using the channel drop tunneling processes in a two-dimensional photonic crystal slab. Photonic crystal (PC) slabs are two-dimensional (2D) periodic dielectric structures of finite height, which have inplane photonic band gap and index-confinement in the third dimension.
We analyze theoretically the output efficiencies of surface-emitting channel drop filters using channel drop tunneling processes in two-dimensional photonic crystal slabs. By using the channel drop tunneling processes, the output efficiencies of the filters can be easily improved to the values much higher than 50%, the maximum output efficiency of surface-emitting channel drop filters using one single-mode cavity, and the output efficiency of 100% is possible theoretically. In order to demonstrate the theoretical results, we present a surface emitting channel drop filter using the channel drop tunneling processes in a two-dimensional photonic crystal slab. The output efficiency of the presented filter is about 94% in good agreement with the theoretical analysis. Photonic crystal (PC) slabs are two-dimensional (2D) periodic dielectric structures of finite height, which have inplane photonic band gap and index-confinement in the third dimension.
1,2 Channel drop filters (CDFs) are essential components of wavelength division multiplexed optical communication systems. Surface-emitting CDFs using coupling between a waveguide and a cavity beside the waveguide in a PC slab have been reported and demonstrated both theoretically and experimentally. [3] [4] [5] [6] [7] The surface-emitting CDF with a donor-type three-missing-holes cavity shows high quality ͑Q͒ factor, and the emitted light has a good polarization property and a small radiation angle. 5, 7 Also, based on the scaling property of PCs, tuning of operational frequency has been well demonstrated experimentally. 6 However, theoretical maximum efficiency of reported surface-emitting CDFs using one single-mode cavity is limited to 50%. 4, 8 Usually the input power of over 50% remains in the waveguide, which results in considerable reflection and transmission. It is a significant restriction on the real applications and may cause some problems in the design of photonic integrated circuits. Thus, the improvement of the output efficiencies of the surface-emitting CDFs is very important.
Channel drop tunneling processes [8] [9] [10] can remarkably reduce the remaining power of one channel in the input waveguide of a surface-emitting CDF, and thus sufficiently improve the output efficiency to much higher values than 50%, the maximum value for a surface-emitting CDF with one single-mode cavity. Up to now, in-plane-type CDFs using the channel drop tunneling processes between two waveguides have been studied in PCs. [9] [10] [11] [12] However, the surface-emitting CDF using the processes has not yet been reported.
In this work, we theoretically analyze the efficiencies of surface-emitting CDFs using channel drop tunneling processes in PC slabs and show that the output efficiency can be much higher than that obtained with one single-mode cavity. In order to demonstrate the theoretical analysis, we present a surface-emitting CDF using channel drop tunneling processes in a 2D PC slab. The filter response of the presented surface-emitting CDF is compared with the theoretical result.
A surface-emitting CDF is composed of an input waveguide and a resonant cavity system as shown in Fig. 1 . The resonant cavity system in a CDF using the channel drop tunneling processes supports degenerate even and odd resonant modes with respect to a symmetry plane perpendicular to the waveguides. The decaying amplitudes of the two modes into the backward direction of the input waveguide interfere destructively with each other, and no reflection occurs. The transmission is also much reduced by the destructive interference between the decaying amplitudes into the forward direction of the input waveguide and the incoming input wave. 8, 10 At the optimal situation, the transmission can also be totally cancelled, and therefore one channel can be completely dropped. The detailed theoretical analyses of the channel drop tunneling processes between a bus waveguide and a drop waveguide are shown in the Refs. 8 and 10. As there is no drop waveguide in the surface-emitting CDF, the filter response of the CDF can be obtained with setting coupling constants between the resonant modes and the drop waveguide in the analysis to be 0.
In PC slabs, the Q factor of the resonant cavity is decomposed into Q in and Q v , where Q in is the Q factor for the in-plane direction and Q v for the vertical direction. Depicted in Fig. 2 are the theoretical energy-transfer rates of two types of surface emitting CDFs at the resonant frequency as a function of Q in / Q v values, which are calculated with the coupledmode theory in time.
8 Figure 2 (a) corresponds to a surfaceemitting CDF with a single-mode cavity and Fig. 2(b) with a channel drop tunneling system. As shown in Fig. 2(a) , with a single-mode cavity the reflection and transmission cannot be a)
Electronic mail: hypark@kaist.ac. kr   FIG. 1 . Schematic diagram of a surface-emitting CDF composed of an input waveguide and a resonant cavity system beside the waveguide. eliminated and the maximum output efficiency is only 50% at Q in / Q v = 1. However, when the channel drop tunneling processes are used, as can be seen in Fig. 2(b) , the reflection is completely eliminated and the transmission can be much reduced by adjusting the value of Q in / Q v . Consequently, the output efficiency can be easily improved to be much higher than 50%. It is over 90% for the Q in / Q v values in the range of 0.52-1.92. Moreover, at Q in / Q v = 1, the output efficiency is 100%, so that all the input power is dropped to the air due to the conservation of energy.
In order to demonstrate the theoretical results, the filter responses of abovementioned two types of surface emitting CDFs are investigated with the three-dimensional (3D) finite-difference time-domain (FDTD) method using perfectly matched layers (PML) absorbing boundary conditions. 13, 14 First, the response of a surface emitting CDF using one single-mode cavity is investigated, which is composed of an input waveguide and a donor-type three-missingholes cavity in a 2D PC slab of triangular lattice of air holes as shown in Fig. 3(a) . The donor-type three-missing-holes cavity is made by filling three holes along the ⌫ − K direction with the same dielectric as the slab and supports a nondegenerate high-Q resonant mode. 5 The refractive index of the slab is 3.4 corresponding to that of silicon at 1.55 m, the radius of air holes 0.3a, and the slab thickness 0.6a, where a is the lattice constant. The distance l between the centers of the cavity and the waveguide is designed to be 2 ͱ 3a. The obtained filter response is shown in Fig. 3(b) for the frequency range of 0.269-0.28͑c / a͒ where the waveguide mode is single, nonleaky, and not highly dispersive. The threemissing-holes cavity supports only one nondegenerated single mode within the frequency range of 0.269-0.28͑c / a͒. As shown in Fig. 3(b) , there exist reflection of about 17% and transmission of about 35% at the resonant frequency 0.2705͑c / a͒, which corresponds to the output efficiency of about 48%. Thus, the power of about 52% still remains in the waveguide, resulting in considerable reflection and transmission. The total Q factor is found to be about 2900 and the value of Q in / Q v about 1.45. These results agree well with the reported experimental filter response of a surface-emitting CDF with the cavity. 6, 7 Next, the filter response of a surface emitting CDF using the channel drop tunneling processes is investigated, which is composed of an input waveguide and a resonant cavity system with two three-missing-holes cavities as shown in Fig. 4(a) . The distance d between the centers of two cavities is 8a. In order to achieve the frequency degeneracy of the even and odd resonant modes, the distance l between the centers of each cavity and the waveguide is designed to be 2 ͱ 3a. When l equals 2 ͱ 3a, the frequency splitting is cancelled by the balance of the direct coupling between the two cavities and the indirect coupling through the waveguide. The wave vector k of the guided mode at the resonant frequency is chosen to be 0.343ϫ 2 / a, so that kd = n + /2 =5 + / 2, and it satisfies the condition of equal decay rates of the even and odd resonant modes. 8, 10, 12 The filter response of the presented surface-emitting CDF using channel drop tunneling processes is shown in Fig.  4(b) . At the resonant frequency 0.2705͑c / a͒, the reflection and transmission are found to be about 2% and 4%, respectively. These results correspond to the output efficiency of about 94%, which is a much higher value than the previous result of 48% obtained with one three-missing-holes cavity. The total Q factor is found to be about 2800. Theoretically, as shown in Fig. 2(b) , the reflection should be eliminated in a surface-emitting CDF using channel drop tunneling processes, and therefore the reflection of 2% suggests that there are some discrepancies in the frequencies and the decay rates of the even and odd resonant modes of the resonant cavity system. However, the discrepancies are relatively small and do not disturb the channel drop tunneling processes significantly.
The steady-state magnetic field distributions at the resonant frequency in the center plane of the slab are shown in Fig. 5 . Figure 5 (a) corresponds to the field pattern at the moment when the first cavity has the maximum amplitude and Fig. 5(b) when the second cavity has the maximum amplitude. The phase difference between Figs. 5(a) and 5(b) is about / 2. As shown in Fig. 5 , a guided mode propagating along the waveguide excites the resonances, and the amplitudes of the two cavities oscillate with a / 2 phase difference. The / 2 phase difference together with the kd value of ͑5 + /2͒ ensures the channel drop tunneling processes. 8, 10 The two cavities separated by 8a emit light into both the top and bottom sides of the slab with a / 2 phase difference, and the emitted light is linearly polarized in the direction perpendicular to the waveguide. Therefore, an optical system for output coupling to external devices should be carefully designed to obtain a good coupling efficiency.
In summary, we have analyzed theoretically the efficiencies of surface-emitting CDFs using the channel drop tunneling processes in PC slabs and showed that the output efficiencies can be easily improved to much higher values than 50%, the maximum output efficiency obtained with one single-mode cavity. By using the channel drop tunneling processes, theoretically the output efficiencies are over 90% for the Q in / Q v values in the range of 0.52-1.92, and when Q in / Q v = 1, the output efficiency is 100%, so that all the power is dropped to the free space. We have presented a surface emitting CDF using channel drop tunneling processes. The output efficiency of the presented CDF is found to be about 94% and the result is in good agreement with the theoretical analysis. 
